Abstract. High-energy neutrinos are expected to be produced by the interaction of accelerated particles near the acceleration sites. For this reason, it is interesting to search for correlation in the arrival directions of ultrahigh energy cosmic rays (UHECRs) and HE neutrinos. We present here the results of a search for correlations between UHECR events measured by the Pierre Auger Observatory and Telescope Array and high-energy neutrino candidate events from IceCube and ANTARES. We perform a cross-correlation analysis, where the angular separation between the arrival directions of UHECRs and neutrinos is scanned. When comparing the results with the expectations from a null hypothesis contemplating an isotropic distribution of neutrinos or of UHECR we obtain post-trial p-values of the order of ∼ 10 −2 .
Introduction
The sources of ultra-high energy cosmic rays (UHECRs) are still unknown, mostly because of the difficulties in tracking their origin after they are deflected by magnetic fields. On the other hand, neutrinos, being neutral, do not suffer deflections and carry directional information on their origin. High-energy neutrinos are expected to be produced at the same sites of UHECRs, when the latter interact with the source itself or in its vicinity. It would be then natural to search for a correlation in the arrival directions of UHECRs and neutrinos. Previous searches performed by the Pierre Auger Observatory, Telescope Array and IceCube collaborations showed an interesting hint of correlation at a 3σ level [1] which was later reduced with additional data [2] . In these proceedings we show the results of an update of this analysis, with new data from the original collaborations and with the addition of data from the ANTARES neutrino telescope. * e-mail: lorenzo.caccianiga(at)unimi.it
The UHECR observatories and datasets
Ultra-high energy cosmic rays are observed via the extensive air showers (EAS) they induce in the atmosphere. The EAS can be observed in their longitudinal development through telescopes that detect the fluorescence emission of the atmosphere particles or sampled at the ground with arrays of particle detectors. The first measurement gives a direct calorimetric estimate of the energy of the primary particle but can be performed only during clear moonless nights (low duty cycle). The hybrid concept that both the Pierre Auger Observatory and Telescope Array exploit relies on a cross-calibration of the surface detector with the events observed through fluorescence. In this way, an estimate of the energy of the primary particle can be performed with surface data only (∼ 100% duty cycle) without relying on simulations. A summary of UHECR data used in this and previous works can be found in Table 1 .
The Pierre Auger Observatory
The Pierre Auger Observatory [3, 4] , located in Argentina at a latitude of ∼ −35
• , is a 3000 km 2 cosmic-ray detec-tor. It is a hybrid detector, using both a surface detector array (SD) composed of 1660 water-Cherenkov detectors and an atmospheric fluorescence detector (FD) made of 27 fluorescence telescopes to observe extensive air showers induced in the atmosphere by primary particles with energies E > 0.1 EeV 1 . For this study, 324 events with E > 52 EeV recorded by SD from January 2004 to April 2017 were used, resulting in 90 events more (corresponding to three years) with respect to previous analyses [2] . Events are observed up to a zenith angle of 80
• , which translates into a field of view ranging from −90
• to +45
• in declination. The systematic uncertainty on the energy scale is 14%, and the statistical uncertainty in the energy is smaller than 12% for these events [5] , while the angular uncertainty is less than 0.9
• at these energies.
Telescope Array
Telescope Array (TA) [6, 7] is a UHECR detector located in Utah, USA, at a latitude of +39
• . It is composed of 507 plastic scintillators distributed on a square grid covering a 700 km 2 surface, overlooked by three fluorescence detector stations housing 38 telescopes. The events used for this analysis have an energy E ≥ 57 EeV and zenith angles up to 55
• . A total of 143 events recorded from May 2008 to May 2017 is used in this work, that corresponds to 34 more (two years) than the ones used in the latest update [2] . These events have about 1.5
• angular resolution, ∼ 20% energy resolution is and a ∼ 22% systematic uncertainty on the energy scale [8] .
The neutrino observatories and datasets
High-energy astrophysical neutrinos are observed by instrumenting large volumes (∼ 0.01 − 1 km 3 ) of water or ice with photomultipliers (PMT) in order to use them as Cherenkov detectors. The shape of a neutrino event depends on the neutrino flavor and on the type of interaction it undergoes. Neutrinos of all flavors via neutral current (NC) and ν e via charged current (CC) produce electromagnetic showers that are usually well-contained within the detector, offering a good energy estimate but a poor angular resolution (shower-like events, or cascades). Viceversa, muons produced in ν µ CC interactions tend to cross through the whole detector resulting in a good angular resolution and a poor energy estimate (track-like events, or tracks). A summary of neutrino candidate events used in this and previous works can be found in Table 1 .
The ANTARES neutrino telescope
The ANTARES neutrino telescope [9] is located at 2475 m of depth in the Mediterranean sea, off the coast of Toulon, France (latitude: +43
• . It is composed of 12 450 m-long strings, each equipped with 75 optical modules, at a depth of about 2500 m. The events used for this work are selected from the diffuse nine-year sample [10] by requiring 1 1 EeV = 10 18 eV a 'signalness' > 40%. The signalness is defined as the ratio of the number of expected astrophysical events over the sum of the expected atmospheric and astrophysical events for a given energy proxy. The selection resulted in two track-like events and no cascade events. The same signalness cut applied to the point-source sample [11] resulted in an additional track event selected, bringing the ANTARES dataset used in this analysis to a total of three tracks and no cascades. For these events, the median angular resolution is ∼ 0.4
• .
The IceCube South Pole Neutrino Observatory
IceCube [12, 13] is a high-energy neutrino detector of ∼ 1 km 3 composed by 86 strings instrumented by 5160 PMTs installed deep (1.5 − 2.5 km) in the ice at the geographic South Pole (latitude: −90
• ). The dataset used for this analysis is composed of events from two different samples. The main one is the six-year High-Energy Starting Events (HESE) dataset [14] , which includes events generated by neutrinos of all flavors interacting inside the detection volume (starting events) with deposited energies ranging from 60 TeV up to 2 PeV. It includes 58 cascades and 15 tracks. The track sample is integrated with data from the dataset of through-going muons induced by charged current interactions of candidate ν µ from the Northern sky (diffuse through up-going tracks ) [15] . This dataset adds 35 tracks corresponding to seven years of data from the eight-year data sample published in [16] . Only events with 'signalness' > 50% are used (as described in Section 3.1), corresponding to a threshold of ∼ 200 TeV on the muon energy proxy.
Cascade events in the HESE sample have an angular resolution of ∼ 15
• above 100 TeV. Tracks are reconstructed with an angular resolution of 1
• . The resolution of the deposited energy for tracks and cascades is around 15% [17] , but cascades have a better resolution for the reconstructed neutrino energy since they deposit most of their energy inside the detector, while tracks do not.
Analysis methods
The search for correlations between UHECR and neutrino arrival directions is performed using different methods [1] : a cross-correlation analysis, a likelihood analysis using neutrinos as stacked sources and a likelihood analysis using UHECRs as stacked sources to search for correlation with point-source neutrino samples (not described in paragraph 3). A recent update of the third analysis with an improved method is described in [18] . In these proceedings an update of the cross-correlation analysis is presented.
The cross-correlation analysis is a simple yet completely model-independent analysis. It does not require assumptions on the deflection of UHECR in magnetic fields. This means that a part from the global energy cut chosen for the dataset by each collaboration, no energy information is needed on the single UHECR event. For this reason, no re-scaling of the UHECR energy scales to match the TA and Auger flux in the common field of view will be applied in the following, as it was done in previous works. Information on the flux matching of the two UHECR datasets can, however, be found in other joint works presented at this conference, in particular [19] and [20] .
The principle of the cross-correlation analysis is to count the number n OBS of UHECR-neutrino pairs separated by less than a certain angular distance ψ. This number is then compared to the expected number of pairs n EXP separated by less than ψ in the null-hypothesis scenario. For this analysis, two different null-hypotheses were investigated. The first one is an isotropic distribution of UHECR, obtained by generating isotropic datasets according to the UHECR exposure of the two experiments. The second null-hypothesis is the complementary one: an isotropic distribution of neutrinos, obtained by scrambling the real neutrino datasets, generating randomly right ascension values but keeping the original declination, thus preserving the declination-dependent acceptance of the neutrino observatories. The two null-hypotheses are investigated separately and thus when neutrino positions are randomized, UHECR ones are kept fixed and vice-versa. A large number of samples satisfying the null hypothesis are generated, and the fraction of generated samples where n EXP ≥ n OBS is observed is considered the local p-value. The analysis was performed at various ψ values, ranging from 1
• to 30
• in 1
• steps in order to find the maximum departure from isotropy and the minimum local p-value. This p-value is then penalized taking into account the scan on ψ and resulting in the final global p-value that will be reported in the following. The analysis was performed independently on the cascade and track neutrino datasets, thus obtaining four different p-values, one for each neutrino sample and each null hypothesis.
Results

Previous results
In [1] , the first results of the analysis described in section 4 were reported. No significant result was found using neutrino tracks, while with cascades the penalized p-values were 5 × 10 −4 with respect to an isotropic flux of UHECR and 8.5 × 10 −3 with respect to an isotropic flux of neutrinos. In [2] , with additional neutrino data from IceCube and one year more of UHECR events from TA, the correlation with tracks continued to be not significant, while with cascades the p-values went up roughly one order of magnitude, respectively to 5.4 × 10 −3 and 1 × 10 −2 .
Updated results
We performed the analysis on the updated datasets as described in paragraph 2 and 3. The results of the scan in angle are shown in figure 1 , where the relative excess of pairs with respect to the expected value from an isotropic distribution of UHECRs is shown for tracks (left) and cascades (right). In these conditions, the maximum departure from isotropy is found at 1
• for tracks, where four pairs are observed and at 16
• for tracks, with observed 623 pairs. 
Discussion
In [1] , a possible hint of a correlation between the arrival directions of UHECR and HE neutrinos was reported, using a simple and model-independent method. A first update published in [2] lowered the significance of the finding. This work uses new UHECR data from the Pierre Auger Observatory and Telescope Array experiment and new neutrino tracks from the ANTARES neutrino telescope. With these updated datasets, the post-trial p-values are now higher than 0.01 both considering as a null hypothesis an isotropic distribution of UHECRs or neutrinos.
This result can be explained by a number of considerations. First of all, the composition of ultra-high energy cosmic rays is not well known at these energies. This, together with the poor knowledge of the Galactic and extragalactic magnetic field, implies that we cannot distinguish between UHECRs that suffer small or large deflections. Secondly, as already pointed out in [1] , the propagation of UHECRs is limited by the interactions with the cosmic backgrounds (GZK effects and similar): depending on the composition, it is expected that cosmic rays at these energies cannot arrive from further than 10-100 Mpc. On the other hand, neutrinos can reach us from cosmological distances so that in principle only a few percent of neutrinos would be expected from the sources within this horizon and thus in correlation with the arrival directions of the detected UHECRs. Finally, neutrinos originated at cosmic rays acceleration sites are expected to carry few percents of the energy of the original cosmic-ray. Thus, the neutrinos observed by IceCube and ANTARES would have been produced by cosmic rays of much lower energy than the ones in the datasets by Auger and TA. For this reason, it is possible that only a fraction of the neutrinos in our data could come from a site that is actually capable of accelerating cosmic rays up to ∼ 10 20 eV. We expect to carry on this work by soon updating the other two analyses with the latest data. Figure 1 . Results of the cross-correlation analysis applied to the neutrino tracks (left) and cascades (right) samples. The relative excess of pairs is shown as a function of the maximum separation angle for data (dots) and expectation from an isotropic distribution of UHECR (colored area, with one, two and three-σ dispersion). 
